The purpose of this paper is to investigate the structural behavior of aluminum alloys used in the aerospace industry when exposed to conditions similar to those of an accident scenario, such as a fuel fire. This study focuses on the role that the aluminum oxide layer plays in the deformation and the strength of the alloy above melting temperature. To replicate some of the thermal and atmospheric conditions that the alloys might experience in an accident scenario, aluminum rod specimens were subjected to temperatures near to or above their melting temperature in air, nitrogen, and vacuum environments. The characteristics of their deformation, such as geometry and rate of deformation, were observed. Tests were conducted by suspending aluminum rods vertically from an enclosure. This type of experiment was performed in two different environments: air and nitrogen. The change in environments allowed the effects of the oxide layer on the material strength to be analyzed by inhibiting the growth of the oxide layer. Observations were reported from imaging taken during the experiment showing creep behavior of aluminum alloys at elevated temperatures and time to failure. In addition, an example of tensile load-displacement data obtained in air and vacuum was reported to understand the effect of oxide layer on aluminum deformation and strength.
Introduction
Aluminum is used extensively in many products made today. The aerospace industry especially relies heavily on an assortment of different aluminum alloys to build strong aircraft while simultaneously keeping them as light as possible. Of these alloys, aluminum alloy 7075 is one of the most popular for use in modern day aerospace construction. Little research has been conducted that explores the general behavior of aluminum alloys in abnormal conditions such as those of a fire. In this type of scenario, the failure mode of these alloys is very important because molten aluminum can have adverse reactions with other components, such as those containing nuclear material, in the aircraft our spacecraft. Molten aluminum has been shown to be corrosive to steel under the proper conditions 1 and poses a risk to first responders due to the possibility of an exothermic reaction when it comes in contact with water. The general public may also be exposed to higher risk if molten aluminum were to compromise the nuclear fuel source commonly found in many spacecraft. Gaining a deeper understanding of the role that the aluminum oxide layer plays in the deformation and the strength of aluminum alloys above melting temperature can help improve hazard mitigation and aid in the development of better safety protocols in the event of an accident.
The aluminum alloys used in the discussed experiments were aluminum alloys 7075-T7351 and 6061-T6. Aluminum alloy 6061-T6 is included in this study due to its prevalence in many industries for a variety of applications. Alloy 7075-T7351 is a wrought alloy, meaning it has been mechanically worked during the forming process. Aluminum alloy 7075 is generally more corrosion resistant than other aluminum alloys because of the concentration of zinc present, but aluminum alloys 7075-T7351 and 7075-T73, specifically, have better stress corrosion cracking resistance when compared to the 7075-T6 and 7075-T651 alloys. However, aluminum alloys 7075-T7351 and 7075-T73 have a lower yield strength than alloys 7075-T6 and 7075-T651.
In air, or any other oxygen rich environment, aluminum grows a protective ''skin'' of aluminum oxide (Al 2 O 3 ) known as the barrier layer. One of aluminum's desirable characteristics is this naturally occurring oxide that helps protect aluminum from corrosion. However, because of this oxide barrier layer, it is hard to predict how aluminum will react in an accident scenario. The possibility exists that the oxide layer could delay an adverse reaction between molten aluminum and other components of an aircraft if it contains the molten material in the oxide skin. The oxide skin has a strength that is approximately 1 N/m for pure aluminum and magnesium-based aluminum alloys. 2 Its thickness is approximately 100 Å for pure aluminum and 30 Å for many alloys. 3 Little research has been conducted investigating aluminum exposed to temperatures experienced under fire conditions and how aluminum deforms in that environment.
Kahl and Fromm 4 developed a method to determine the strength of solid oxide skins on aluminum melts by measuring the maximum force that the skin can endure before cracks are formed. This method is used for determining the effect of melt temperature, oxidation time, and alloy additions for pure aluminum and aluminum alloys with the additions of beryllium, sodium, lithium, calcium, and silicon. Syvertsen 3 measured the oxide skin strength on molten aluminum as a function of temperature for pure aluminum and some aluminum alloys. It was determined that the oxide skin strength increases with increasing temperature over 750 C. Also, it was concluded that the oxide skin strength is a combination of the interfacial tension between the melt and oxide, the tensile strength of oxide, and the surface tension of oxide.
At high temperatures, the behavior of aluminum alloys is controlled by creep. Maljaars et al. 5 modified an existing constitutive model for primary and secondary creep at elevated temperatures which was developed by Dorn 6 and Harmathy. 7 The model was validated with tests on two aluminum alloys, 5083-H111 and 6060-T66, and was used for the early development of the tertiary creep stage up to a strain of 2.5% for 6xxx series alloys. Kandare et al. 8 conducted compression tests with aluminum while exposing the samples to high temperatures simulating exposure to fire. The results of his tests with aluminum alloy 5083 were then compared to modeled values. He was able to closely predict when the heated aluminum test samples would fail under compression using the model. However, it was noted that the model was only proven to work for modeling small aluminum plate structures being tested under compression, and Maljaar's model needed to be tested with larger aluminum samples and samples under tension to be validated.
In this work, vertically displaced aluminum samples were tested under tensile loading due to gravity in air and in nitrogen to understand the oxide layer formation depending on the environment. In addition, an example of tensile force-displacement data obtained in air and in vacuum was reported in order to understand the effect of oxide layer on aluminum deformation and strength. All aluminum samples used in these experiments are representative of ''newly'' produced aluminum that has not been used in-service in the aerospace industry. Vacuum, nitrogen, and air atmospheres are used in this experiment to both control oxide layer growth and provide a reproducible test environment that simulates the atmosphere in fire conditions.
Experimental setup and instrumentation

Aluminum rod furnace tests
For the aluminum rod tests, a plunger-type rotarylinear direct manipulation feed-through was used to suspend a rod above the furnace within the bell jar. Once the temperature inside the furnace reached equilibrium, the rod was then lowered into the furnace. The duration of each experiment was approximately 30 min. Video recordings of each experiment where taken through a viewport in the furnace. The alloys tested using this method were 6061, 7075, and 99.99% pure aluminum. The alloy 6061 rods were tested with a number of diameters: 6.35 mm, 4.7625 mm, and 3.175 mm. The alloy 7075 rods had a diameter of 6.35 mm.
A 30.48 cm inner diameter stainless steel vacuum bell jar was used to create an enclosure in which the atmosphere could be controlled. A small furnace was constructed using compressed alumina insulation and two resistive ceramic heater plates placed inside the bell jar. Observations were made through a sapphire view port and an opening in the alumina insulation. This window was then aligned with one of the viewports on the bell jar lid. Photos of the configuration can be seen in Figure 1 .
The heater plates were connected to a power supply constructed around a Watlow controller. The Watlow controller triggered a relay which fed power to the heater plates. Two thermocouple feed-throughs were also installed in the base plate of the bell jar. The first thermocouple was used to measure the temperature of the inside of the furnace so that the heater plates would heat the atmosphere to the desired set point temperature. The second thermocouple was used to measure the temperature inside the bell jar, outside the furnace, in order to make sure that temperature did not exceed 200 C and potentially damage the Viton O-rings used to seal the bell jar. The majority of the experiments were performed at 760 C, but trials were carried out at varying temperatures in order to see how the results differed at higher temperatures. The maximum temperature reached during testing was 850 C.
In order to control the atmosphere within the bell jar, a vacuum pump was used to purge the bell jar of air. In these experiments, a vacuum of À66.04 cmHg was achieved. Once purged, the bell jar was then back filled with nitrogen to a pressure of À40.64 cmHg. This process was repeated twice in order to reduce the amount of oxygen present in the bell jar to the lowest extent possible. After purging and back filling the bell jar three times, the amount of oxygen present in the bell jar was calculated to be 0.000026%.
Aluminum rod tensile tests
Mechanical testing was conducted using a Gleeble thermomechanical simulator that used a high-speed resistive heating system to apply a thermal load, a dual servo hydraulic system to apply the mechanical load, and a computer control and acquisition system. The round bar specimens were threaded on both ends and screwed into the jaws of the Gleeble. Heating of the test specimens was achieved by increasing the current applied through the jaws of the Gleeble across the test specimen. The specimens experienced a 60 s thermal soak at 500 C before mechanical loading was applied. Temperature measurements were taken with Type K thermocouples that were mechanically bonded into small holes drilled into the test specimens at the center of the gauge section. Alternative methods of bonding the thermocouple to the test specimen, such as spot welding, proved ineffective due to the high temperatures experienced during testing. Thermal loading was applied to the specimens at a rate of 100 C/s. Specimens with a 6.325 mm (0.249 inch) diameter were subjected to a 6.35 mm/s constant strain rate. In order to observe the effect of the environment on surface oxidation and strength, the specimens were subjected to air and vacuum atmospheres during testing. Deformation of the test specimens was recorded by using the change in the position of the hydraulic ram which the specimens were affixed to.
Results and discussion
Aluminum 7075 rod tests
When looking at the results from the aluminum 7075 rod tests, it becomes apparent that melting the rods in an inert atmosphere had a definite effect on when and how the rod fractures. The nitrogen atmosphere present during the inert testing prevented newly exposed material from oxidizing once the rod began to crack as it elongated under its own weight, causing premature failure. Table 1 details the experiments performed with the 6.35 mm (1/4 inch) aluminum 7075 rod. 'No Failure' is an indication that the rod did not break during testing, and no droplet was formed. For the experiments conducted with the 6.35 mm aluminum rods, the tests were run for 30 min at temperature.
The time to failure was highly dependent on the temperature and atmosphere inside the furnace. It was observed that the time to failure of the rod decreased as the temperature increased. This observation holds true for rods subjected to a nitrogen environment as well. The manner in which the rods failed appeared to be consistent from specimen to specimen. After the furnace reached its desired temperature, the rod was lowered into the enclosure. As the rod heated up, the magnesium in the aluminum appeared to diffuse from the core of the rod into the barrier layer, and as a result, the rod's skin became dark gray. This color change of the skin on the rod was examined with a microscope, and EDS (Energy-dispersive X-ray Spectroscopy) data were collected showing the prevalence of magnesium in the skin. Figures 2 and 3 show the areas of the rod examined and the chemical compositions of the selected regions respectively.
Discoloration of the oxide skin at temperatures close to the melting point of the alloy indicated that the un-oxidized inner alloy began to melt, although the oxide layer did not appear to be structurally compromised. Upon further heating, the alloy material inside the oxide shell melted further and collected at the suspended tip of the rod. The oxide layer began to stretch and crack forming a sack filled with molten aluminum at the tip of the rod. Continued heating caused further melting of the core alloy and additional migration of molten material to the sack to the extent that a neck was observed that appeared to travel up the length of the aluminum rod. After a sufficient amount of molten aluminum had relocated below the neck and into the sack formed at the bottom of the rod, failure of the oxide skin occurred and the molten aluminum sack detached from the rod falling to the bottom of the enclosure. Failure occurred at the necked portion of the rod when it could no longer support the weight of the relocated material, as seen in Figure 4 .
As the core of the rod becomes molten and shifts within the aluminum oxide skin, the core above the neck where the rod fails becomes porous and brittle. The images in Figures 5-7 were taken with a scanning electron microscope and show one of the aluminum 7075 rod samples that broke when removing it from the furnace after a test conducted in air at 750 C.
Upon failure, it can be seen how the core of the rod was altered and became porous. This, in turn, caused the rod to become brittle in the region above the neck. Figure 7 , depicting the droplet, illustrates how the aluminum oxide layer acts as a skin. Upon failure of the neck and impact with the base of the furnace, the magnesium saturated oxide splits apart, and new oxide is formed on the newly exposed material. The darker areas consist of the magnesium saturated oxide and appear as striping on the sides of the droplet. Along with the striping, the oxide skin is clearly visible, collapsed onto itself, at the top of the impacted droplet.
Aluminum 6061 rod tests
Preliminary experiments showed that the ratio of the aluminum oxide layer to the aluminum core plays a critical role in predicting how aluminum will deform at high temperatures. During these experiments, the aluminum wire did not fail even at temperatures ranging from 800 C to 1000 C. There was not enough molten aluminum within the wire at those temperatures to form a droplet and break the oxide layer. Therefore, a series of experiments was conducted to evaluate the strength of the aluminum oxide, assuming it remains the same thickness independent of rod diameter. To conduct these experiments, aluminum 6061 rods were used with diameters of 3.175 mm (1/8 inch), 4.7625 mm (3/16 inch), and 6.35 mm (1/4 inch). Aluminum 6061 was used because of its wide availability in varying rod diameters.
As with the previous experiments, both air and nitrogen were used to observe the effects of the atmosphere on the test samples. As a base line, 99.99% aluminum wire was placed in the furnace in order to replicate previous aluminum wire droplet experiments. As can be seen in the figure below, the aluminum wire shriveled in the heat and did not fail. Figure 8(a) shows the wire immediately after it was inserted into the furnace, and Figure 8(b) shows the wire after it had been subjected to 800 C for 22 min. There was very little movement recorded. The wire appeared to darken slightly as the magnesium diffused through the oxide layer after it had become molten, the initial bend disappeared and the wire hung vertically within the furnace. However, the wire did not experience any necking and it did not fail, as was expected, even though it was well above its melting temperature.
After testing with the 99.99% purity aluminum wire was completed, 3.175 mm aluminum 6061 rod was inserted into the furnace. The test was first conducted in air and then in nitrogen to compare each result at 760 C. The rod did not fail in either atmosphere. Like the 99.99% aluminum wire, it deformed slightly and even experienced necking in the heat, but it did not fail. Again, the magnesium diffused through the oxide layer darkening the sample. This can be seen in Figure 9 .
Next, 6.35 mm alloy 6061 rods were inserted into the furnace. As expected, the 6.35 mm rods broke similar to the way the alloy 7075 rods broke in the previous set of experiments. Once enough molten aluminum had collected at the bottom of the suspended rod, inside the aluminum oxide skin, the sack of molten aluminum broke away from the rod at the neck. Figure 10 shows a series of video frames captured during one of the experiments with the 6.35 aluminum alloy 6061 rod. After seeing that the 3.175 mm diameter aluminum 6061 rod would not fail and that the 6.35 mm diameter aluminum 6061 rod did fail, 4.7625 mm diameter aluminum 6061 rod was acquired in order to gain a better understanding of the strength of the aluminum oxide layer.
As can be seen in Figure 11 , the 4.7625 mm diameter aluminum 6061 did fail. Comparing the mass of the molten cores below the neck in the 3.175 mm and 4.7625 mm aluminum 6061 rod tests will give a better sense of the limits of the strength of the aluminum oxide skin. This is not a precise indication of the strength of the aluminum oxide, but it does prove that the effects of the aluminum oxide need to be included in the predictions of what will happen to an aluminum structure in an accident scenario. One observation that should be noted is that during both experiments, in both air and nitrogen, with the 4.7625 mm aluminum 6061 rod, the rod ruptured at the very tip leading to the molten aluminum core spilling out and leaving a hollow sheath of aluminum oxide dangling below the neck. Table 2 shows the compiled data collected from the experiments performed with the varying diameters of aluminum alloy 6061 rods. Figure 12 compares aluminum alloy 7075 specimens subjected to a constant strain rate at a specimen temperature of 500 C in air and vacuum atmospheres. Thermal and mechanical loading history affects the yield strength of the alloy, so mechanical overloading and temperature overshoot during thermal loading were avoided.
Aluminum 7075 tensile tests
As seen in Figure 12 , the specimen tested in an air atmosphere experienced a slight decrease in ductility as well as a small increase in strength. The tensile specimens were not subjected to thermal loading until each atmosphere was established. Thermal loading in each environment has an effect on the formation of the oxide layer in the specimens which, in turn, affects the ductility and strength. 9 In an air atmosphere, the formation of the oxide layer is catalyzed by the elevated temperature resulting in embrittlement of the sample. Alternatively, it was observed that the specimen subjected to a vacuum atmosphere did not experience a deacrease in ductility to the extent of those specimens subjected to an air atmosphere. It is possible that oxidation of newly exposed material, due to specimen elongation, was inhibited by the vacuum atmosphere. The thermal gradient of the round bar specimens is different than that of the aluminum wire due to the mode of heating. The aluminum rods tested in the previous experiments were heated by convection, while the round bar tensile specimens were heated resistively.
Conclusions
The effect of aluminum oxide on aluminum alloys under incipient melt conditions was investigated using three different methods. Testing of aluminum alloy 7075 rods in a furnace with air and nitrogen atmospheres showed that atmosphere affects how the alloy fails at melting temperatures. A nitrogen atmosphere inhibited oxidation of newly exposed alloy as the alloy 7075 rods deformed, causing premature structural failure. Testing in both atmospheres yielded a darkening of the oxide layer as the rods were heated. It was determined that this darkening was caused by diffusion of magnesium from the core of the rod into the oxide layer. After spending time at temperature, a majority of the core of the aluminum rod became molten and relocated to the lower tip of the rod, creating porosity in the core alloy above the necking area of the rod that led to embrittlement. The second method used to investigate the oxide layer strength consisted of testing aluminum alloy 6061 rods of varying diameter at different temperatures in air and nitrogen atmospheres. These tests showed that the ratio of aluminum oxide to un-oxidized alloy core affects deformation at high temperatures regardless of the atmosphere. Rods with a diameter of 4.7625 mm or greater failed consistently. Tensile tests of aluminum alloy 7075 were conducted at an elevated temperature in vacuum and air atmospheres. These tests showed that the specimen subjected to an air atmosphere experienced embrittlement and failed sooner than the specimen tested in a vacuum. The specimen tested in a vacuum likely did not experience the same decrease in ductility as the specimen tested in air for the same reason that the aluminum rod in the first experiment failed prematurly; the newly exposed material from elongation did not oxidize. Although these tests did not offer a precise metric by which to judge the strength of the aluminum oxide layer, they do indicate that the effect of the oxide layer must be considered when evaluating the strength of small aluminum structures in fire conditions.
